A recursive strategy that solves for the active members of a chemical library is presented. A pentapeptide library with an alphabet of Gly, Leu, Phe, and Tyr (1024 members) was constructed on a solid support by the method of split synthesis. One member of this library (NH2-Tyr-Gly-GlyPhe-Leu) is a native binder to a -endorphin antibody. A variation of the split synthesis approach is used to build the combinatorial library. In four vials, a member of the library's alphabet is coupled to a solid support. After each coupling, a portion of the resin from each of the four reaction vials was set aside and catalogued. The solid support from each vial is then combined, mixed, and redivided. The steps of (i) coupling, (i) saving and cataloging, and (iii) randomizing were repeated until a pentapeptide library was obtained. There is increasing interest in synthesizing large numbers of molecules in parallel and in analyzing these pools for members with biological activity. So called "irrational" drug design, involving selection from combinatorial libraries, is becoming accepted as a useful method of finding pharmacologically active compounds.
Phe-Leu) is a native binder to a -endorphin antibody. A variation of the split synthesis approach is used to build the combinatorial library. In four vials, a member of the library's alphabet is coupled to a solid support. After each coupling, a portion of the resin from each of the four reaction vials was set aside and catalogued. The solid support from each vial is then combined, mixed, and redivided. The steps of (i) coupling, (i) saving and cataloging, and (iii) randomizing were repeated until a pentapeptide library was obtained. The four pentapeptide libraries where the N-terminal amino add is defined were screened against the P-endorphin antibody and quantitated via an ELISA. The amino add of the four pools that demonstrated the most binding was then coupled to the four tetrapeptide partial libraries that had been set aside and catalogued during the split synthesis. This recursive deconvolution was repeated until the best binders were deduced. Besides the anticipated native binder, two other members of the library dlspayed signiicant biding. This recursive method of deconvolution does not use a molecular tag, requires only one split synthesis, and can be applied to the deconvolution of nonlinear smallmolecule combinatorial libraries and linear oligomeric combinatorial libraries, since It is based only on the procedure of the synthesis.
There is increasing interest in synthesizing large numbers of molecules in parallel and in analyzing these pools for members with biological activity. So called "irrational" drug design, involving selection from combinatorial libraries, is becoming accepted as a useful method of finding pharmacologically active compounds.
The main difficulty with this approach is a way of finding the compounds with defined activity, especially when the libraries used are large. Peptides and oligonucleotides bound to an immobilized receptor can be eluted and directly sequenced (1-3). Although oligonucleotides can be amplified by PCR, peptides may require several runs to obtain sufficient material for analysis. Alternatively, peptides, synthesized on beads, have been identified by isolating beads that have bound a receptor and then sequencing the released peptide. Peptides have also been identified by synthesizing them in arrays or on small surfaces (4, 5) .
These methods are restricted by the chemistries involved in the synthesis or the analysis. An extension that allows wider chemical diversity of the libraries is to "encode" the library in some way. Brenner and Lerner (6) proposed encoding each molecule of the library with an oligodeoxynucleotide, which could be used both for identification and for the enrichment of active members, and the chemistry for this has been implemented by Janda and coworkers (7).
Others have encoded (8) (9) (10) (11) beads, each carrying a single component of the chemical library, with peptides, oligonucleotides, and organohalide tags. The bead with the active component must be isolated and then the tag must be analyzed by mass spectrometry (8) or Edman degradation (9) for peptide analysis, by electron-capture gas chromatography for organohalide tags (10) , or by PCR for deoxynucleotide tags (11) .
Another method uses an iterated search process that consists of making the library in a number of pools, finding the active pool that defines the entity for that position in the molecule, and then repeating this until the active component has been identified. In the method proposed by Houghten et al. (12) (14) . However, this would not allow enrichment with progressive improvement of the signal-to-noise ratio.
Another iterative method that depends on mixed syntheses, that is, each NyjJ step is achieved by adding a mixture of amino acids has also been proposed (15) . Apart from the fact that it is difficult to know whether each amino acid is appended in the same yield in each stage, it is impossible to make libraries where the linking bond is itself a variable contributing to the chemical diversity. This must be carried out by the "split synthesis" method (16) (17) (18) .
To implement a dictionary or bucket search method using split syntheses requires a different procedure in which the tTo whom reprint requests should be addressed.
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Proc. Nadl. Acad. Sci. USA 91 (1994) 11423 libraries need to be made in a different way and that deconvolutes the structure of an active molecule by starting with the last component first and proceeding backwards. Here we present an implementation for this recursive method for analyzing combinatorial chemical libraries.
PRINCIPLE OF THE METHOD
Strategy for the Construction of the Combinatorial I~brary. The essence of our method is to build and hold a set of partially synthesized combinatorial libraries. The following example considers a library with a degree ofthree, made from an alphabet of four components, A, B, C, and D (Fig. 1) . As in all split syntheses, we define four channels of synthesis, each channel involves only the addition of one member ofthe alphabet and each can be independently optimized. (1H-benzotriazole-1-yl)-1,1,3,3 -tetrauronium hexafluorophosphate (HBTU) and diisopropylethylamine (DIPEA). The TG, HBTU, DIPEA, and amino acids used were purchased from Nova Biochem. TG was added to four glass-fritted filter vials, shaken with DMF, and filtered. To each vial was added one of the Fmocprotected amino acid components of the library, HBTU, DMF, and 20 p. of DIPEA. All four vials were shaken for 1 h, filtered, and washed with DMF. A 5% (vol/vol) solution of acetic anhydride in DMF was added to each vial and shaken for 20 min to cap any uncoupled free amino acid groups. The beads were then filtered, washed with DMF twice and CH2C2 twice, and dried for 2 h in a vacuum oven (55TC at 20 mmHg; 1 mmHg = 133 Pa). About 75 mg of the amino acid-coupled TG beads was removed from each vial and labeled in a manner describing the length of the peptide and the identity of the last amino acid coupled. At the same time, an Fmoc deprotection test was carried on 5 mg of the resin to measure the yield ofthe previous amino acid coupling step. The remaining resin was combined and shaken in DMF/ CH2Cl2, 3:1 (vol/vol), for 30 min to mix the beads. The beads were divided into four equal portions by weight (each, therefore, containing an equivalent number of moles) and placed into four glass-fritted filter vials. Each was shaken twice for 10 min with 20% (vol/vol) piperidine in DMF to cleave the N-terminal Fmoc protecting group. The beads were filtered, washed with DMF three times, and coupled with one of the four amino acid components of the library to give the four dipeptide pools, Fmoc-Gly-Naa-TG, FmocLeu-Naa-TG, Fmoc-Phe-Naa-TG, and Fmoc-Tyr(tBu)-Naa-TG. The steps of (i) capping the peptide with acetic anhydride; (ii) saving and labeling a 75-mg portion ofthe resin; (iii) combining, randomizing, and evenly dividing the beads; and (iv) coupling each division with an Fmoc-protected amino acid were repeated until the fifth coupling. At this point there are four pentapeptide libraries. The t-butyl protecting group on the Tyr residues was removed by mixing the resin with trifluoroacetic acid (Pierce) for 2 h, followed by filtering and washing with ethanol three times and DMF three times. The beads were then shaken with 20% piperidine in DMF for two 10-min periods to cleave the N-terminal Fmoc group. The deprotected beads were then washed with DMF three times and CH2Cl2 twice, and the residual solvent was removed in a vacuum oven overnight (55TC at 20 mmHg).
The efficiency of each coupling was measured by adding a TG resin sample of known mass from each library pool to 1000 A. of 20% piperidine in DMF, shaking the solution for 15 min, and measuring the UV absorbance of the resulting piperidine-benzofulvene complex at 302 nm. This absorbance was compared to that of a standard solution of GlyFmoc in 201% piperidine/DMF, which gives the loading capacity of the TG resin after each coupling. Each coupling of the Fmoc-protected amino acids to the TG with HBTU proceeded smoothly and quantitatively. The quantitativeness of the coupling is advantageous since we can assume that the loading capacity (and, therefore, the number of mol per g of resin) of the TG is approximately constant, no matter at what stage we are in the synthesis or deconvolution of the library.
ELISA Procedure. The library containing TG resin (=3 mg) was added to a polypropylene tube previously coated with a 1:1 (vol/vol) blocking solution [3% (wt/vol) bovine serum albumin (BSA) in PBS and 0.05% Tween 20 (Sigma) in PBS].
The tube was incubated with 500 A4 of a solution consisting of equal volumes of mouse anti-P-endorphin monoclonal antibody (BoehringerMannheim) at 1 jig/ml in PBS, 3% BSA in PBS, and 0.05% Tween 20 in PBS at 3rC for 1 h. The tube was centrifuged and the supernatant was decanted. The tube was washed three times by adding 0.05% Tween 20 in PBS, centrifuging the tube, and decanting the supernatant. The tube was then incubated with 500 p1 of goat anti-mouse antibody conjugated to glucose oxidase (from Cappel Laboratories diluted by a factor of 1000 with a 1:1 solution of 3% BSA in PBS and 0.05% Tween 20 in PBS). The contents of the tube were washed three times with 0.05% Tween 20 in PBS and two times with PBS: after each wash the tube was centrifugated, and the supernatant was decanted.
A 500-pl aliquot of a developing solution [25 ml of 0.1 M Na3PO4 (pH 6.0), 3 NHrTyr-Gly-Gly-Phe-Leu-TG. The negative control was acetylated TG. The results of the assays were first normalized, taking into account the weight of the TG resin in each assay tube, and then the normalized value for the negative control was subtracted from that of each pool.
In the early steps of the deconvolution, the negative control often gave higher absorbance readings than some of the pools, which is reflected in negative values seen in Fig.  3 and is an indicator ofthe noise in the system. As the library became more defined, fewer negative values were obtained, showing that the signal-to-noise ratio progressively improves.
RESULTS AND DISCUSSION
As a simple test ofour method ofdeconvolution, we screened libraries containing the well-studied pentapeptide sequence NH2-Tyr-Gly-Gly-Phe-Leu, which displays nanomolar binding to commercially available anti-3-endorphin monoclonal antibody. A synthetic combinatorial peptide library with a degree of five and an alphabet consisting of Leu, Gly, Phe, and Tyr was synthesized on TG solid support. The total number of molecules in this library is 45 (1024 members).
Assays for binding to the P-endorphin antibody were most conveniently performed with the peptide libraries attached to the TG resin. In principle, a library could have been constructed with a cleavable linker in which the peptides could be detached from the beads and assayed in solution by a competitive ELISA. The deconvolution sequence can be followed pictorially in Fig. 4 and the corrected absorbances for each round are depicted in Fig. 3 . In the four pools of the pentapeptide libraries, where only the N-terminal amino acid was defined, Tyr-Naa-Naa-Naa-Naa-TG clearly gave the strongest absorbance. From this point, the four tetrapeptide partial libraries, Fmoc-Gly-Naa-Naa-Naa-TG, Fmoc-Leu-Naa-NaaNaa-TG, Fmoc-Phe-Naa-Naa-Naa-TG, and Fmoc-Tyr-NaaNaa-Naa-TG, saved and catalogued during the formation of the pentapeptide combinatorial library, were all coupled with Tyr-Fmoc. Ofthe pools Tyr-Gly-Naa-Naa-Naa-TG, Tyr-LeuNaa-Naa-Naa-TG, Tyr-Phe-Naa-Naa-Naa-TG, and Tyr-TyrNaa-Naa-Naa-TG, Tyr-Gly-Naa-Naa-Naa-TG clearly gives the strongest binding of the antibody. In the next deconvolution step, the highest values were found for Tyr-Gly-Gly-NaaNaa-TG. Solving for the fourth amino acid did not give a unique result but Tyr-Gly-Gly-Phe-Naa-TG, the sequence Proc. Natd. Acad. Sci. USA 91 (1994) 11425
Xaa-Naa-Naa-Naa-Naa to be defined in that round. Naa is a randomized position. Rotind 5 corresponding to that ofthe native epitope, was the strongest binder. However, Tyr-Gly-Gly-Leu-Naa-T also showed signiflgant binding to the antibody. This was significant enough, in fict, to wanrant the coupling of Tyr-Gly-Gly-Leu and Tyr-Gly-Gly-Phe to the monocoupled TG libraries saved from the first step of the combinatorial synthesis.
In the final analysis, Tyr-Gly-Gly-Phe-Leu-TG, the native epitope, was the most extensive binder. Other weaker binders were also deduced; Tyr-Gly-Gly-Phe-Phe-TG and TyrGly-Gly-Leu-Leu-TG showed significant bindingto the a- Proc. Natl. Acad. Sci. USA 91 (1994) Round Glv-Naa-Naa-Naa-Naa-Nl 1-(' 1 0 eu-Naa-Naa-Naa-Naa-NI t< (3 TG ( 0 Tvr-Glv-Naa-Naa-Naa-NH-<-E) 0 2Tvr-Leu-Naa-Naa-N aa-NW<)
Tvr-Glv-Glv-Naa-Naa-Nl-l"'is ) .
Tvr-Glv-Leu-Naa-Naa-NH-
Tvr-C.lv-Gly-Glv-Naa the deconvolution proceeds, there is an enrichment of active components by the size of the alphabet in each step. The consequent improvement of the signal-to-noise ratio ensures that false positives are not followed up.
Making combinatorial libraries by split synthesis is a cumbersome process. By holding the partially synthesized libraries at each step, the process need only be carried out once. Thereafter, the entire ensemble may be used repeatedly to find active molecules for any assay. The deconvolution process recursively defines the synthesis of the active compound, so that in the last cycle, the active component is synthesized. If the mixture contains several compounds, each deconvolution pathway can be followed either in parallel or successively, to find all the active members of the library.
